Introduction
of sodium chloride on the lipid vesicles. The final sodium chloride concentration in those 117 experiments was 150 mM. Tryptophan fluorescence emission spectra was measured on a 118 QuantaMaster fluorometer (Photon Technology International, Edison, NJ) with λ ex = 280 nm and 119 λ em = 310-400 nm. The emission polarizer was set to 90°, and the excitation polarizer was set to 120 0° to reduce the light scattering effect of liposomes 13 . Appropriate lipid backgrounds were 121 subtracted in all cases. Fluorescence intensities at 335 nm (F) were fitted to determine the pK FI , 122 using: 123 = + * 10 ( − K ) 1−10 ( − K ) (Eq. 1), 124 where F a is the acidic baseline, F b is the basic baseline, m is the slope of the transition, and pK FI 125 is the midpoint of the curve. 126 We then varied the composition of the lipid vesicles by gradually increasing the molar 127 [Θ] = Θ 10 ( −1) (Eq. 3) 140 where Θ is the measured ellipticity in millidegree, l is the path length of the cuvette in cm, c is 141 the peptide concentration in M, and N is the number of residues.
142
Oriented circular dichroism. Lipid or lipid-peptide (50:1 molar ratio) films were resuspended 143 in methanol and added onto two circular quartz slides (Hellma Analytics, Germany). The slides 144 were placed under vacuum for 24 hours to evaporate the solvent. The samples on the slides were 145 rehydrated with 100 mM sodium acetate pH 4 for 16 hours at room temperature at 96% relative 146 humidity. The slides with the samples were placed on opposite sides of the OCD cell in a 147 manner that would seal the cell. This ensured that the saturated K 2 SO 4 that filled the inner cavity of the cell would remain hydrated and constantly humidify the sample throughout the 149 experiment. The sample was recorded on a Jasco J-815 spectropolarimeter at room temperature. 150 Eight 45° angle intervals were measured to prevent the artifacts caused by linear dichroism and 151 then averaged for the final spectrum. Data were converted into mean residue ellipticity after lipid 152 blanks were subtracted. The theoretical transmembrane and peripheral helix spectra was interaction of the peptide, we did not mutate the C t . Instead, we modified the N-terminus (N t ) to 196 create two peptide variants, named K2-ATRAM and Y-ATRAM (Table 1) . We first performed studies at pH 8, where ATRAM binds to the membrane surface, and then 203 at pH 4, which triggers ATRAM to adopt a TM orientation 5 . Tryptophan fluorescence emission 204 ( Fig. 1 ) showed that the overall pH-responsiveness of the two new peptide variants was similar to 205 ATRAM. This was the case in the presence of both POPC and POPC/POPS (molar ratio = 9/1) 206 lipid vesicles. Specifically, we observed that upon a pH decrease, the fluorescence intensity 207 increased, and the maximum of the spectra blue-shifted more than 10 nm ( Fig. 1 and Table 2 ).
208
These results indicate that upon acidification the single W residue (Table 1) transitioned from a 209 polar environment to a more hydrophobic medium. The CD spectra showed that at pH 8 all 210 peptides were mostly unstructured, both in buffer and in lipid vesicles. As expected, they all 211 formed alpha helices in the presence of lipid vesicles at pH 4 ( Fig. S1 ). Oriented circular dichroism (OCD) was performed to study the helical orientation of the 
246
We studied if similar results were observed when PS was present in the vesicles. To this 247 end we repeated the pH titrations with seven PS levels between 0-20%, to cover the 248 physiologically relevant range 18 . Intriguingly, we observed that the impact of PS in the pK FI was 249 markedly different between the three peptides ( Fig. 4A and Fig. S3 ). The pK FI of ATRAM was 
257
The effect of PS on the pK FI of Y-ATRAM is similar to the effect we had previously 258 reported with pHLIP, a different pH-sensitive membrane peptide 19 . For pHLIP, the pK FI 259 decrease was due to electrostatic repulsion between the negative charges in PS and pHLIP, 260 which was screened in the presence of NaCl. To study whether electrostatics also controlled the 261 membrane insertion of the three ATRAM peptides, the pK FI was also determined in the presence 262 of 150 mM NaCl (Fig. 4B and Fig. S3 ). For ATRAM, the pK FI of both lipid conditions decreased 263 compared to the values obtained in the absence of NaCl. Similarly, a pK FI decrease was observed 264 for Y-ATRAM for both lipid compositions. In the presence of NaCl both peptides showed 265 similar pK FI in POPC and POPC/POPS. 
272
A more nuanced scenario was observed for K2-ATRAM, as NaCl decreased pK FI only in 273 POPC/POPS, but not for POPC liposomes (Fig. 4B) . Again, the difference in pK FI between 274 POPC and POPC/POPS vesicles was lost in the presence of NaCl. An additional feature of K2-275 ATRAM is that the pK FI in the presence of NaCl (~5.4) was lower than for ATRAM and Y- We performed control experiments that showed that in the presence of 280 150 mM NaCl there were no significant differences in the pK FI of ATRAM at 150:1 and 200:1 281 POPC-to-peptide ratios, (Fig. S4) . To unravel the causes for the different effect of PS on the 282 three ATRAM peptides, we performed additional studies.
283
Partition coefficient. We have previously reported that the POPC affinity of ATRAM is higher 284 at acidic pH than neutral pH, as a consequence of the increased hydrophobicity resulting from 285 the protonation of glutamic acids 15 . We obtained similar results were also observed for all 286 ATRAM variants in POPC (Fig. 5) . Interestingly, at acidic pH the effect of POPS on the 287 partition coefficient mirrors the trends seen in the pK FI (Fig. 4B) . Thus, at pH 4 the presence of 288 POPS did not affect the K p for ATRAM ( Fig. 5) , but it increased for K2-ATRAM (as it increased 289 pK FI ) and decreased for Y-ATRAM (as it decreased pK FI ). Previously, the binding of ATRAM 290 to the lipid membrane was considered non-ideal, as the partition coefficient depended on the 291 peptide concentration, and thus the K p we report is in reality an apparent K p 15 . Here we show that 292 this was also true for all the variants in both lipid composition, as when we repeated the binding 293 assay at a lower peptide concentration, the K p values were significantly higher (Figs. S5 and S6).
294
However, similar trends were observed in both cases. Membrane leakage. ATRAM oligomerizes on the membrane of POPC vesicles 5 . Peptide 300 oligomerization is often linked to membrane disruption 20 . Next, to gain insights into their 301 oligomerization, we studied the effect of the peptides on leakage of encapsulated sulforhodamine 302 B (SRB). We performed a SRB leakage assay in POPC and POPC/POPS (molar ratio = 9/1) 303 vesicles (Fig. 6) , where SRB de-quenching occurs as it leaks out of the vesicles. Overall, similar 304 leakage results in each lipid composition were obtained for the three peptides. These results 305 suggest that no large oligomerization differences might exist between the three variants. asymmetrically in the plasma membrane of human cells, with high levels in the cytoplasmic 320 leaflet, and low levels present in the extracellular leaflet 26, 27 . PS asymmetry, however, can be 321 lost in cancer cells, where PS is increasingly exposed at the cell surface [28] [29] [30] . This provides the 322 opportunity of targeting PS to direct selective drug delivery to cancer cells.
323
In this work, we studied the effect on ATRAM of the presence of POPS in the membrane. 324 We designed two new ATRAM variants to study the effect of the properties of the peptide N t .
325
Fluorescence and circular dichroism confirmed that the variants maintained pH-sensitive 326 properties. Furthermore, OCD experiments in POPC showed that all peptides acquired a TM 327 conformation at low pH. The OCD spectra of the peptides in POPC/POPS had a lower signal 328 than those in POPC (Fig. S2) . A possible explanation is that that the negative charges of PS 329 caused bilayer repulsion 31 , making it harder for lipid bilayers to stack on top of each other on the 330 quartz slide, artifactually reducing the overall signal. 331 We determined that the pK FI of ATRAM in POPC vesicles was 6.2. However, the previously 332 published insertion pK value of ATRAM in POPC was 6.5 5 . This latter value was determined by 333 following the shift of the fluorescence spectral maximum over a pH range, while the new value 334 was determined by following instead changes in intensity. It has previously been shown for the 335 pHLIP peptide that different methods of spectral analysis result in changes in pK values, as each 336 method reported different membrane insertion intermediates 32 . Previous stopped-flow 337 fluorescence data showed that ATRAM populates at least three intermediates when transitioning 338 from the peripheral state to the TM conformation 15 . This result suggests that the observed 339 differences in pK values of ATRAM might be associated with the preferential detection of 340 different conformational intermediates.
341
In POPC vesicles, we observed a decreased pK FI for K2-ATRAM compared to ATRAM and 342 Y-ATRAM (Fig. 4) . This result indicates that the addition of the two basic residues resulted in 343 more protons being required for the peptide to insert. Studies in the presence of NaCl revealed 344 that ATRAM and Y-ATRAM electrostatically interact with POPC, but this was not the case with 345 K2-ATRAM, since there was no change in pK FI with the addition of NaCl. As tumor cells expose 346 PS on the outer leaflet of their cell membranes 33 , we studied the effect of PS on the membrane 347 interaction of the peptides. While PS did not affect the pK FI of ATRAM, it affected the two 348 variants in an opposite fashion. For K2-ATRAM, the observed increase in pK FI is expected to 349 result from favorable interactions with the negative charge of PS. As with ATRAM and Y-
350
ATRAM, the addition of NaCl resulted in a decrease in pK FI for K2-ATRAM, indicating that the 351 interaction with PS has an electrostatic component for all peptides. The NaCl experiments were 352 also performed at a lower lipid-to-peptide ratio (150:1 vs. 200:1). While the pK FI did not differ 353 for these two ratios (Fig. S4) , we cannot rule out that any effects from working at non-saturating 354 conditions at pH 7.5, particularly for Y-ATRAM (Fig. S6 ).
355
The complexity in the effect of PS and NaCl on the peptides suggests that the interaction residues. The spectral maximum of the C t Trp is sensitive to hydration and thus reports the 362 degree of membrane embedding, with a lower spectral maximum indicating deeper insertion into 363 the hydrophobic bilayer (Table 2 ). In ATRAM, the single Trp is surrounded by three of the four 364 Glu residues. However, we did not observe a good correlation between the Trp hydration and the 365 pK FI . Then, we hypothesize that the remaining Glu residue, away from the Trp at position 12 366 (E12), controls the insertion pK FI changes. 
371
The headgroup of PS is highlighted in black.
373
Integration of the data of Table 2 and Fig. 4A allows us to propose a working model for 374 the interaction of the peptides with the surface of the membrane (Fig. 7) . In ATRAM, the 375 residues W26 and E12 are similarly immersed on the lipid polar head group both in POPC and 376 POPC/POPS vesicles, resulting in a similar pK FI . In K2-ATRAM, in POPC the N t , including 377 E12, is away from the membrane, resulting in a lower pK FI , which is closer to ~4.0-4.5, the value 378 typically observed for Glu in solution 34 . However, when POPS is present in the membrane, an 379 attractive interaction occurs between the negative charges of PS and the positively charged 380 lysines. As a result, the N t approaches the membrane, altering the polarity of the environment of 381 E12 to increase the pK of this residue. In the case of Y-ATRAM, the cause of the effect of PS on 382 the pK FI is less clear. However, we hypothesize an involvement of the polar nature of the Tyr 383 ring, which provides a surface of negative electrostatic potential that could cause electrostatic 384 repulsion with the PS headgroup 35 . As a result, E12 would more exposed to the aqueous 385 environment, which is expected to decrease the insertion pK FI in the presence of PS. Fig. 7 only 386 shows the surface-bound state, as we propose that the TM state is similar in all cases.
387
Interestingly, we observed a correlation between the membrane affinity at neutral pH (Fig. 5,   388 Kp) and the pH-responsiveness of insertion ( Fig. 4 , pK FI ). The increase in affinity in the presence We observed significant leakage for all peptides both in POPC and POPC/POPS (9/1), 394 suggesting that the ATRAM variants had the ability to oligomerize into membranes. However, 395 we have previously shown that any membrane disruptions caused by ATRAM are not significant 396 enough to cause cell death in cultured cells 5 . SRB is a small molecule (MW = 558.6 Da), and as 397 a result SRB leakage assays might report on relatively small perturbations to the lipid membrane 398 that do not occur in the more complex and dynamic plasma membrane. Furthermore, we have 399 previously reported that ATRAM did not induce significant membrane leakage of calcein 5, 15 . 400 This is consistent with a previous report showing that SRB displays enhanced leakage, 401 suggesting that SRB assays might be over-reporting true membrane leakage 36 .
402
This work shows that the sequence opposite to the inserting end can control the insertion 403 of a membrane peptide. This indicates that for ATRAM, as well as for similar peptides such as 404 TYPE7 37 and pHLIP 38 , the N t is a promising region for modifications that improve tissue 405 targeting or pharmacokinetics. In our case, the pK of insertion of the three peptides still remained 406 more acidic than the pH of the extracellular matrix of tumor cells (pH 6.4-7.0) 2, 39 . However, it 407 is important to consider that the local pH at the membrane surface is significantly more acidic 408 that the bulk microenvironment pH 40, 41 . This suggests that the pH-triggered membrane insertion 409 of ATRAM peptides could provide specificity for tumor targeting. Indeed, it has been recently 410 reported that ATRAM efficiently targets tumors and is able to translocate drug-like molecules 411 across the plasma membrane of cancer cells 6 . Our results point towards the intriguing possibility 412 that the exposure of PS in cancer cells could be used as an additional source of tumor 413 specificity 42 . Indeed, for K2-ATRAM, the presence of small amounts of PS rapidly increases the 414 pK FI , which is expected to increase cancer cell targeting. This might be the basis for K2-ATRAM 415 potentially displaying an increased specificity for tumor cells. The opposite would be expected 416 for the Y-ATRAM variant. We propose that our findings can be used to achieve improved design 417 of peptides that target the membrane of cancer cells, particularly in the more acidic aggressive 418 solid tumors. 
